Abstract In Mexico 31% of the treatment plants have a flow less than 60 l/s. This study offers a simple and economical alternative through vermicomposting to resolve the management of sewage sludge and water hyacinth for these small treatment plants. This study was developed with laboratory and pilot scale systems. In the laboratory Eisenia foetida survival was quantified. They were fed three doses of sludge and water hyacinth and different percentages of humidity were applied. The production of worm cocoons was quantified as biomass production and the reduction in the TV/STS ratio as an indicator of stability. To install the pilot system the mixture with the highest cocoon production was chosen. In the pilot test the effect of the worm population density on the waste degradation was observed, the experiment was divided into five modules, four with densities from 2.5 to 15 kg/m 2 and one module without worms that served as a blank test. Results: the best mixture was 70% sewage sludge and 30% water hyacinth, with 80% humidity and an average production of 298 cocoons/kg of vermicompost. There were no significant differences in the TVS/TS reduction between the different modules with worms, but in the blank test module there was no reduction. The Type A vermicompost obtained, with non-restricted use, 900 fecal coliforms NMP/g, 0.0 helminth ova/g, highly organic (60% M.O.), high concentration of total nitrogen (2.5%), phosphorus (0.96%) and cationic exchange capacity (60.2 meq/100 g), which indicates that soil fertility would increase if used in agriculture.
Introduction
Of the 914 wastewater treatment plants installed in Mexico, according to a report by the Mexican Water commission, a third of the treatment systems have flows of less than 60 l/s. The management of sludge in these small plants is problematic due to the high cost of installing sewage sludge stabilization reactors, dehydration systems, and transportation of the sludge to disposal sites. Many of these plants only have drying beds where the sludge is dehydrated and later taken to a dump or sanitary landfill. On the other hand, the problem exists of the disposal of the water hyacinth after it has been removed from water bodies from which it was extracted. For this reason it is necessary to search for simple technologies with low operation and maintenance costs that permit the utilization of the organic component of the sludge once it has been stabilized and the pathogens removed. Vermicomposting is an innovative technology for the treatment of wastewater sludge in Mexico, where experience exists in the treatment of organic garbage and coffee residues (Aranda, 1977) . This technology implemented in the United States has achieved a 100% reduction in pathogens, (Tri-Tech Laboratories, 1996) . At IMTA worms of the Eisenia foetida species were reproduced, from compost elaborated with tannery residues (hair + tannery compost + backyard waste); in these pilot studies it was observed that the worms helped improve the agrosanitary characteristics of the compost, (Cardoso and Ramírez, 2000) .
The purpose of this work was to offer a simple and economical alternative technology that resolves the management of sewage sludge and water hyacinth simultaneously through the production of a high quality agrosanitary compost using vermicomposting. Thus, the experimental development of laboratory and pilot scale vermicomposting systems for sludge and water hyacinth was proposed.
Materials and methods
The vermicomposting tests were carried out using the E. foetida worm. In Figure 1 , the worms of this species are fed sludge and hyacinth.
The laboratory experiments consisted in worm survival tests considering three combinations of feeding with the following proportions and humidity conditions: In experiments 1 and 2, wooden boxes were used as recipients with the following dimensions: 30 cm × 22 cm × 12 cm. In the experiment 3, 1,000 ml glass jars were used. The experiment duration was 30 days, except for experiment 3, which lasted only 2 days, Figure 2 .
The pilot test consisted in the reproduction of the experiment with the best results. In this test the effect of the population density on the degradation of the waste was also evaluated, for which the pilot test was divided into five modules. The duration of the pilot test was 45 days. The alimentation was weekly. The control of the process was by daily temperature monitoring, Figure 3 .
In the Tables 1 and 2 , the characteristics of the lab and pilot experiments are indicated. The microbiological techniques used were: fecal coliforms-NOM112-SSA1-1994 (CAMB6-03), helminth ova-NOM-ECOL-001 (CATMPB6-01), these are described in Official Mexican Standars for Hazardous Wastes. The parameters for organic matter, cationic exchange capacity and inorganic compounds were analysed as described in Walkey and Black (1977) for soil analysis. Heavy metals were quantified in accordance with the procedures indicated for sewage sludge (EPA, 1989) . 
Results and discussion
The survival results observed in the laboratory experiments are presented in Table 3 .
The most adequate humidity value was in the range of 70-88%, which coincides with the results reported by Kaplan et al. (1980) , who mentions that to assure an adequate process the sludge-conditioning material mixture should have a humidity percentage between 70-80%, and this humidity should be maintained during the entire process.
A greater average production of biomass was obtained in experiment 1, (298 cocoons/kg of vermicompost), compared to 120 cocoons/kg vermicompost in experiment 2), hence experiment 1 mixture was selected for the pilot test, Figure 4 .
The reduction in the TVS/TS ratio, in the pilot tests, was not significant between the modules with worms since the values only varied from 12 to 15%. However, in module 5 (blank test), there was no degradation of the waste and therefore no reduction in the TVS/TS ratio was registered. This indicates that the worms play an important role in waste degradation, Figure 5 .
In the pilot test the greatest production of cocoons was produced with a smaller density of worms. In module 4 where 2.5 kg of worms/m 2 were planted, 676 cocoons/kg of vermicompost were obtained, 400 more than in module 1, where 15 kg of worms/m 2 were 
Sewage sludge 70% + water hyacinth 25% + backyard waste 5% with 70% humidity. Experiment 3:
Sewage sludge 49% + 49% distilled water + 2% water hyacinth with 93% humidity. planted. The conditions of competition for space and food could have influenced this phenomenon, Figure 6 . The combined treatment of sewage sludge and water hyacinth allowed the obtainment of a Class A vermicompost, due to the 100% removal of helminth ova and 90% removal of fecal coliforms. In module 5 (blank test) there was no removal of pathogens, Table 4 .
Vermicompost is rich in organic material (60%), rich in the major nutrients (2.5% nitrogen and 0.96% phosphorus), with a high cationic exchange capacity (60.2 meq/100 g), Fecal coliforms 10,000 900 700 400 680 15,000 <1,000 <2,000,000 <1,000 2,000,000 NMP/g Helminth ova/g 0. above the highest values found in soils, which indicates that the use of this product in agriculture would provide an increment in soil fertility. Its electrical conductivity (4.0 dSm -1 ) can have a negative effect on crops sensitive to salinity, Table 5 .
Conclusions and recommendations
According to the results obtained in the experiments, humidity is a determinant factor in the worm survival, since they did not support a mixture with humidity greater than 93%. The most adequate value for this parameter was in the range of 70-88%, which should be maintained throughout the process. The mixture with the greatest biomass production measured in number of cocoons per kilogram of vermicompost was that of 70% sewage sludge + 30% water hyacinth, for which its use is recommended, with the option of adding backyard waste.
The reduction in the TVS/TS ratio pointed out the important role that the worms play in the degradation of waste. The use of other analytical methods such as the percentage of humus or chromatographic techniques is recommended to measure the stability of the vermicompost. The combined treatment of sewage sludge and water hyacinth allowed the Table 6 Factors for the installation of a full-scale system for vermistabilization of sewage sludge and water hyacinth Mixture proportions, diet 1: 70% sewage sludge + 30% water hyacinth.
Variation of food with the following mixture proportions, diet 2: 70% sewage sludge + 25% water hyacinth + 5% backyard waste. Food layer thickness: 10-15 cm Note: The thickness should not exceed 15 cm because this would increase degradation time and could cause thermophilic conditions. The layers can be thicker in cold weather.
Degradation time: 5-7 days. Initial mixture particle size: 1 to 10 cm.
Mixture conditions: 70-80% humidity, which should be conserved during the entire degradation process. Minimum temperature 10°C-35ºC maximum, the minimum temperatures can be controlled with heaters, electric light (light bulbs) or empty sacks, the maximum temperatures with watering.
The recommended initial worm population density is: Minimum 2.5 kg/m 2 , maximum 15 kg/m 2 .
obtainment of a Class A sludge. The agronomic quality of the sludge situates it as rich in organic material and major nutrients. Finally, its high cationic exchange capacity, above the highest values found in soils, indicates that if used in agriculture it would increase soil fertility.
Given the results obtained the installation of the full scale system is recommended, with a gradual expansion plan, taking into account the factors mentioned in Table 6 .
